The underlying genetic changes that regulate the appearance and disappearance of 26 repeated traits, or serial homologs, remain poorly understood. One hypothesis is that 27 variation in genomic regions flanking master regulatory genes, also known as input-28 output genes, controls variation in trait number, making the locus of evolution almost 29 predictable. Other hypotheses implicate genetic variation in up-stream or 30 downstream loci of master control genes. Here, we use the butterfly Bicyclus anynana, 31 a species which exhibits natural variation in eyespot number on the dorsal hindwing, 32 to test these two hypotheses. We first estimated the heritability of dorsal hindwing 33 eyespot number by breeding multiple butterfly families differing in eyespot number, 34
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and regressing eyespot number of offspring on mid-parent values. We then estimated 35 the number and identity of independent genetic loci contributing to eyespot number 36 variation by performing a genome-wide association study with restriction site-37 associated DNA Sequencing (RAD-seq) from multiple individuals varying in number 38 of eyespots sampled across a freely breeding lab population. We found that dorsal 39 hindwing eyespot number has a moderately high heritability of approximately 0.50. allowing for population genetic approaches to identify the underlying genetic basis of 99 such variation. Genes controlling eyespot number variation within a species might 100 also be involved in promoting this type of variation seen across species. 101
Materials and Methods 158 159

Study organism 160
Bicyclus anynana is a Nymphalid butterfly common to sub-tropical Africa for which a 161 colony has been maintained in the laboratory since 1988. All Bicyclus anynana 162 butterflies used in this study were collected from a colony established in New conditions of 12 hours light/dark cycles, 80% relative humidity and a temperature of 171 27 o C. Larvae were fed on corn plants and adult butterflies on mashed banana, as 172 described in previous publications (Westerman et al., 2014) . 173
174
Heritability of dorsal hindwing eyespot number 175
We examined the number of dorsal hindwing eyespots (DHEN) on all offspring from 176 18 separately reared families whose parents differed in eyespot number: six families 177 where both parents had DHEN of zero (0F x 0M); six where both parents had DHEN 178 of one (1F x 1M); and six where both parents had DHEN of two (2F x 2M). All 179 generations were reared in the conditions described above. We ensured virginity of 180 the females by separating the butterflies in the parental generation into sex-specific 181 cages on the day of eclosion. All families were started within 5 days of each other 182 using adults ranging from 1-3 days old (ANOVA, n=18, DF=2, F=0.8266, p=0.4565). 183
Each breeding pair was placed in a cylindrical hanging net cage of 30 cm diameter X 184 40 cm height, with food (banana slices), water and a young corn plant on which to lay 185 eggs. When corn plants were covered with eggs, they were placed in family-specific 186 mesh sleeve cages for larval growth. Females were given new plants on which to lay 187 eggs until they died. Pupae and pre-pupae were removed from the sleeve cages and 188 placed in family-specific cylindrical hanging net cages for eclosion. locus after each successive permutation, with a maximum of 1,000,000 replications. 268
The second analytical approach, referred to as the "FST method", called SNPs using 269
Stacks v1.42. Using the ref_map.pl wrapper script with default parameters, RAD loci 270 all loci was generated with cstacks and samples were matched to this catalog using 272 sstacks. The populations program was then run on this catalog to generate population 273 genetic measures, enabling the calculation of F-statistics. For a variant to be included 274 in the analysis, it had to be present in both study groups in over 75% percent of 275 individuals (p=2, r=0.75) and have a minimum allele frequency above 0.05. 276
Additionally, a Fisher's Exact Test p-value correction was applied to the resulting FST 
Linkage disequilibrium analysis 341
In addition to ordering the B. anynana scaffolds to the H. melpomene genome for 342 assessing the genomic linkage of SNPs, we calculated linkage disequilibrium in our B. 343 anynana study population. To calculate linkage disequilibrium for genomic SNPs, we 344 phased 213,000 SNPs that were genotyped in all samples using beagle v4.1 (Browning 345 & Browning, 2007) . Estimates of linkage disequilibrium were calculated from 346 100,000 randomly selected SNPs, using the VCFtools v0. Zero spot females were only produced by 0x0 families and one 1x1 family, and were 357 absent from any 2x2 DHS families. Zero spot males, however, were produced by all 358 0x0 families, all but one of the 1x1 families and all but one of the 2x2 families. Two 359 spot females were produced by all but one (a 0x0) family, while 2 spot males were 360 produced by all 2x2 families, but only two 1x1 families and one 0x0 family (Table 1) . 361
These results demonstrate that alleles are sufficiently segregating in our 362 experimental design to perform heritability estimates. (Fig. 2A) . Additionally, 382
we observed very similar genome-wide nucleotide diversity in the group displaying 383 presence of DHEN (pre,π = 0.0090) when compared to the group with absent DHEN 384 (abs, π = 0.0083). Hence, we do not observe any demographic substructuring of the 385 study population that could potentially bias our genetic association analysis.
387
After calculating genome-wide estimates of linkage disequilibrium decay (Fig. 2B) , 388
we observed a max smoothed r 2 value of 0.272, and a halving of r 2 within 464 Kb (Fig.  389   2B ). This window size suggests that average linkage blocks are around 500 Kb in 390 length, and that variants within this distance are in strong linkage disequilibrium. Mbp equal to 0.744% of the whole genome (Fig. 3) . The relatively close proximity of 399 associated variants within the 15 associated scaffolds, particularly within our 500 kb 400 LD windows, suggests that only 15 discrete regions influence DHEN variation. Further 401 ordering these scaffolds along the contiguously assembled Heliconius melpomene 402 genome suggest that they likely belong to 10 to 11 different genomic regions in the 403 genome (Fig. 4) Table S3 Concluding, the genetic variation uncovered in this work affects eyespot number 579 variation on the dorsal surface but not on the ventral surface of the wing. Thus, our 580 work suggests that the genetic variants identified with our analysis affect eyespot 581 number in a surface-specific manner. This surface-specific regulation is potentially 582 mediated via apA, a previously identified dorsal eyespot repressor (Prakash & 583 Monteiro, 2018) . The polygenic nature of our results argue that genetic variation at 584 the loci identified above, e.g., Antp, Ubx, dpp, etc, rather than at the apA locus itself 585 regulates dorsal eyespot number. The way in which these genes interact is unclear, 586 but changes in gene expression at the identified loci might impact the repression of 587 apA in specific wing sectors on the dorsal surface, allowing eyespots to differentiate 588 in those sectors. 589 590 Finally, the use of a genome-wide sequencing strategy allowed us to discover a series 591 of independent loci that appear to contribute to DHEN in B. anynana. These loci, 592 predominantly composed of polymorphisms in non-coding DNA, suggest that 593 changes in DHEN are mostly occurring in regions that regulate the expression of 594 previously known eyespot-associated genes. Thus, while our work has enriched the 595 list of genes involved in eyespot number variation, it also confirms that variation at 596 multiple genes, rather than at a single top master regulator or input-output gene 597 
